Nuclear angiocardiography with a gamma camera, a pinhole collimator, and 99mTc pertechnetate was performed on 43 children aged 3 years or less, including 10 neonates. Twenty-six children had congenital heart disease, which was confirmed at cardiac catheterization; the rest had no structural cardiac anomaly. Use of the pinhole collimator allowed magnification of cardiac images, with enhancement of resolution. Sensitivity was improved by positioning the pinhole 14 cm rather than 19 cm from the crystal of the gamma camera. Anterior and left lateral angiocardiograms were obtained with both 35-mm images at 0.3-sec intervals and cine-images at 18 frames/sec. Abnormalities in origin, size, and position of the great arteries, in chamber configurations, and in the time and course of activity in right and left heart, lungs, and great vessels were used to assist in identification of anomalies such as transposition of the great arteries, pulmonary atresia with intact ventricular septum, truncus arteriosus, and aortic atresia. 99mTc in a dose of 18.5 mCi/M2 of body area was used and produced whole-body and gonadal radiation doses less than 1 rad. The low risk and simplicity of the technic make it promising as a screening procedure and as an adjunct to cardiac catheterization for cyanosed infants.
Gamma camera
Aortic atresia riosus Enhanced resolution Transposition of great arteries patients whose cyanosis is not cardiac in origin. When an infant with congenital heart disease presents in the first month of life with cyanosis or congestive heart failure or both, the heart disease is always serious3 and prolonged heart catheterization may be tolerated badly. The use of an angiocardiographic contrast medium provides additional hazards.4 5 A safe screening procedure is needed which could sort out those infants whose cyanosis is not primarily cardiac in origin, in whom cardiac catheterization is better avoided, and could also facilitate the planning and shortening of catheterization when serious heart disease is present. In this context the demonstration of normal cardiac anatomy in a cyanotic infant with congestive failure, as in respiratory distress syndrome or 78VWESSELHOEFT ET AL. the syndrome of transient myocardial ischemia, could allow cardiac catheterization to be avoided. The demonstration of certain anatomic anomalies, such as aortic atresia, might also allow omission of catheterization. On the other hand, the demonstration of transposition of great arteries could expedite balloon septostomy, and the provisional diagnosis of complex positional malformations might greatly facilitate the programming of cardiac catheterizations.
Nuclear angiocardiography has been inves-tigated6`9 as a possible screening technic with the advantages of complete safety and ease of performance. In all series of nuclear angiocardiograms reported to date, a gamma camera'0 with a multiple-parallel-hole collimator has been used: This type of collimator produced no magnification, and resolution of anatomic detail in the small infant heart on the few occasions it has been attempted was insufficient for clinical usefulness. We have used a different system, employing a pinhole collimator,"1 which magnifies and thus enhances the resolution of small structures. This has allowed us to obtain nuclear angiocardiograms even in premature neonates.
Methods
For our study imaging was performed with an Anger scintillation camera (Pho-Gamma/ III, Nuclear Chicago), equipped with a pinhole collimator. The pinhole collimator magnified the representation of radioactivity distribution in the crystal of the gamma camera. thus enhancing resolution. The smaller the distance between patient and pinhole, compared to the distance between pinhole and crystal, the greater the magnification (and therefore the greater the resolution) ( fig. IA ). On the other hand, a sufficient separation between patient and pinhole was necessary for visualization of the entire lheart and adjacent structures. In the pinhole collimator supplied by the manufacturers, the pinhole is 19 cm from the crystal when the collimator is inserted conventionally. If the collimator is inverted, the pinhole is 14 cm from the cr-vstal (fig. IB), and the patient lies closer to the pinhole. The closer the patient is to the detector, the greater the sensitivity. Sensitivity is tlhus increased when the collimator is inverted. The pinhole is inset 5 cm from the collimator face in the inverted position. In children 1 to 2 vears of age and younger, the entire heart and adjacent structures can be visualized with the iniver-ted collimator face virtually touching the chest wxall.
In experiments simulating this situation, with a target-to-collimator distance of 4 cm, the gamma camera with inverted pinihole collimator could resolve two thin liniear sources of 99)"technetium 0.75 cm apart; the resolution of the camera with IMAGE CRYSTAL X 4 OBJECT A B E "BJECT B Figure 1 (A) Inmaging with the pinhole collimator inserted convientionally. Object A is nmaglified X 2 in the crystal, and object B x 1.5. Note that for object B to be seen in its etntirety, it nmu.st be placed fur-ther from the pinhole than the smaller object A.
(B) Imaging with pinhole collimator inuerted to achieve x 2 and X 1.5 magnification, respectively; ohjects A and B are positioned nmuch closer to the collimator than in figure ]A. 0, the angle of acceptance, is increased from 58°to 73°. Circul jation, Voluzce XLV. Joz yiar, 19 - 
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NUCLEAR ANGIOCARDIOGRAPHY 4,000-holed collimator was 1.5 cm. The sensitivity of the inverted pinhole collimator was 1.8 times that of the conventionally inserted pinhole collimator for equivalent magnification, but was only 0.3 times that of the multiple-holed collimator.
Group Studied
Forty-four children, aged 3 years or younger, were studied. Thirty-one were under the age of 1 year, including 10 less than 28 days (table 1). In 32 children there was evidence of heart disease at the time of the tracer study, and the diagnosis was established by cardiac catheterization with contrast angiography. The other 12 children studied had no evidence of heart disease, but were given 99"1Tc pertechnetate for brain scanning. The nuclear angiocardiogram was made during the course of injection of the dose for the brain study. Technic All subjects were studied as follows: Before the study was begun, an intravenous 21to 23-gauge needle was inserted into an arm or scalp vein and kept open with an infusion of 5% dextrose solution. The child was sedated, if clinically allowable, with chloral hydrate. Oral or rectal potassium perchlorate, 235 mg/M2, was given to block thyroidal uptake of radioactivity. The spectrometer of the gamma camera was calibrated to detect the gamma-ray emission of 99mTc (140 kev, with a 30% window). For an anterior view, the patient was positioned with chest beneath the pinhole collimator, as close as possible to it in neonates, and with up to 1to 2-cm separation in older children. For the left lateral view the left arm was elevated, and the collimator brought as Circulation, Volume XLV, January 1972 close as possible to the left lateral chest wall. Patient motion was rarely a problem. The dose of 99niTc pertechnetate was injected rapidly into the intravenous needle as a bolus and flushed through with 1 to 2 ml of 5% dextrose solution immediatelv after removal of a tourniquet. The dose of 99"'1Tc used was 18.4 mCi/M2 of body surface area, the latter computed from the nomogram of Shirkey and Barba. 12 The volume of injectate was kept low, usually in the range of 0.3 to 0.5 ml. The radiation dosimetry from this quantity of radioactivity, based on calculations given in the "Appendix," is shown in table 2.
Simultaneously with injection of the radiopharmaceutical, data recording was begun. Rapidsequence images were obtained from the display oscilloscope of the gamma camera with a 35-mm photographic camera equipped with a motorized film-advance mechanism. Each exposure was of 0.4 sec, with a "dead time" during film advancement of 0.3 sec. At the same time, cineangiograms were obtained, with the use of a super 8-mm cine camera directed at the "persistence" oscilloscope of the gamma camera. After Table 2 Gonadal and Whole-Body Absorbed Radiation Doses from Nuclear Angiocardiography, Using 99mTc-pertechnetate, 18 (table 3) .
Circulation, Volume XLV, Janitarj 1972 obtained required retuirned req ired so NUCLEAR ANGIOCARDIOGRAPHIY for anly baby to be out of an incubator was less than 4 min for the entire study. For sick children, beating lamps were used to maintain body wxarmtlh during this 4-mmn period.
Most subjects had only a single anterior study, but seven had both aInterior and left lateral views oni successive injections. The residual activity from the first injection did not preclude interpretation of the second, but sometimes made it more difficult. Even studies of overall indifferent quality sometimes proved useful because characteristic appearances in certain key regions could be used to supplement the rest of the available clinical data in making a diagnosis. The appearances in the patients with and without evidence of heart disease were used to establish criteria for the interpretation of these studies, and representative examples are described below. The superior resolution of the 35-mm frames, anid the lack of "dead time" and graphic dynamic display of the cine, made each of these imaging modalities useful, and both lhave been] u-sed in the cases illustrated. the anterior ventricle and immediately perfuses the lungs. After the lung phase the aorta is seen arising posteriorly from the LV. Figure 4 shows the cine frames (anterior view) from a 7-month-old (5.3-kg) infant with transposition of the great arteries and ventricular septal defect. The SVC, RA, and RV outline normally, but no PA is seen in its normal position. Instead, the clear space which normally exists between the SVC and the PA fills immediately after the RV, representing the aorta. A few frames later the LV is outlined because of a right-to-left shunt at the ventricular level. Subsequently, faint filling of the PA and some lung activity are visualized. In the lateral view of the same infant ( fig. 5A ), obtained a few minutes after Circulation, Volu,ze XLV, January 1972 the first injection, some background radioactivity is present. In contrast to the normal arrangement, the great vessel arising from the anterior ventricle passes down into the abdomen and is therefore the aorta. This finding is diagnostic of transposition of the great arteries. The left lateral view in figure 5B was obtained from an 11-month-old infant, weighing 6.7 kg, with transposition of the great arteries and intact ventricular septum.
Transposition of Great Arteries

Truncus Arteriosus
The cine frames in figure 6 were obtained from a 2-day-old (3.3-kg) infant with mild persistent cyanosis, congestive heart failure, and a grade III/VI to-and-fro murmur audible over the entire chest, loudest in the aortic area. The chest X-rays showed a large heart and increased pulmonary vascularity, and the ECG demonstrated biventricular hypertrophy, without Q waves. Clinically, truncus arteriosus with insufficiency of the truncal valve was difficult to distinguish from absence of the pulmonary valve. In the figure, the SVC, RA, and RV appear normal (not the appearance of pulmonary atresia), but the PA is not seen. The space beside the SVC fills as a broad trunk from the LV, which in turn fills immediately after tbo RVl. This trunk appears broader than a normal aorta, and this observation is evidence against transposition of the great arteries. Tetralogy of Fallot might have given this appearance, but this condition had been excluded on clinical grounds. At the time of filling of the trunk, activity appears below the heart in the abdominal aorta, which lies on the right side of the abdomen. This is characteristic of a truncus arteriosus (type 1), with a right aortic arch. This diagnosis was confirmed at catheterization and at autopsy, view; 35-mm frames. Large RA and right-tosince the infant died 1 day after a Blalock-Taussig procedure and PA banding.
Pulmonary Atresia with Intact Ventricular Septum Figure 7 demonstrates the findings in a 6month-old (6.2-kg) infant with pulmonic atresia and a hypoplastic RV with intact septum. The diagnosis had been established at the age of 2 days, and at age 3 days a successful Pott's procedure was carried out. In figure 7 the RA is very prominent, and retrograde flow into the interior vena cava can be seen in subsequent frames. A clear distinction between the RA and the RV cannot be made. Neither pulmonary outflow tract nor PA is outlined; instead there is immediate visualization of LA and LV. A space persists between RA and left heart, suggesting that RV is small, unlike the situation in transposition of the great arteries or tetralogy of Fallot. Similar appearances might be found in tricuspid atresia or Ebstein's anomaly, but these could be excluded on clinical grounds, particularly electrocardiography. There is no definite aortic filling, but moderate lung activity, attributable to the functioning Pott's anastomosis, is seen later. In the lateral view ( fig. 8 ), obtained first, no vessel is seen arising from the anterior ventricle; the anterior angle between SVC and right heart is empty. This is a point of distinction from the normal situation in which the angle is filled by PA ( fig. 3 ), and also from transposition of the great arteries in which the angle is filled by aorta ( fig. 5A and B ). Subsequently the LV is outlined, and abdominal and lung activity are seen; this sequence is due to the right-to-left shunt at ventricular level. Aortic Atresia Figure 9 is taken from the study of a 6-day-(irculatior, Volvume XLV Januar / 972 8 6.2 kg. Ptulmon7ary atresia with intact yenviewv; 35-nmm frames. Ao arises posteriorly, old (2.24-kg) infant with hypoplastic left heart syndrome with mitral stenosis, aortic atresia, and hypoplastic ascending aorta, proved at cardiac catheterization and autopsy. In this study, after some waxing and waning of its contained activity, the right heart remains densely outlined up to 20 see after injection, due to a huge left-to-right shunt.
There is subsequent lung activity, but never an outline of the left heart. Early abdominal activity suggests a right-to-left shunt through the ductus arteriosus.
Respiratory Distress Syndrome Figure 10 presents a study performed on a 1-day-old (1-kg) premature infant, with severe respiratory distress, deep cyanosis, a changing, at times pansystolic, murmur, and a split second heart sound. In the chest X-rays the lungs had a ground-glass appearance, injection, LA filled immediately after the right heart, and LV followed; both filled before there was any evidence of great-vessel activity. No structural abnormality of the heart was evident, and the tracer study was interpreted as possibly showing right-to-left shunting through a patent foramen ovale, secondary to a marked increase in pulmonary vascular resistance because of a lung disorder. The infant died a few hours later. Autopsy revealed severe hyaline membrane disease and no structural cardiac anomaly.
Possible Transient Myocardial Ischemia Figure 11 demonstrates the findings in a 1day-old (2.9-kg) infant, with slight cyanosis from birth and increasing heart failure. A grade III/VI1, pansystolic, late crescendo murmur was audible at the left lower sternal border with normal heart sounds. The pulses were present and equal. Chest X-rays showed an enlarged heart and possible pulmonary edema. There was right predominance in the ECG. In the tracer study, performed before contrast angiography, the sequence of events was normal; particularly in the left heart phase. There was no evidence of right-to-left nor of left-to-right shunt. The study was interpreted as indicating a normal heart, but since there was a strong family history of congenital heart disease, cardiac catheterization was performed. This demonstrated no structural cardiac anomaly; the ductus was still patent, with bilateral shunting and pulmonary artery pressure slightly above systemic levels. Ten days later, the cyanosis. murmur, and heart failure had disappeared completely.
The salient features of the studies described above are summarized in table 3.
Discussion
With the technic of nuclear angiocardiography using the pinhole collimator, we were able to characterize a number of important cardiac malformations in infants as young as 1 day old. Anterior and lateral views, usually only the former, were adequate to characterize and distinguish transposition of the great arteries, truncus arteriosus, pulmonary atresia with intact ventricular septum, and aortic atresia. In several infants suspected of serious heart disease, the tracer study correctly demonstrated normal anatomy. An example was the baby illustrated in figure 11 , in whom our study showed a normal heart. This was confirmed at catheterization and by the subsequent clinical course. If right-to-left shunting is observed in an otherwise normal study, this may represent a patent foramen ovale. It has been reported that neonates with lung disease, high pulmonary vascular resistance, and elevated RA pressure may have large right-to-left shunts through the foramen ovale. [13] [14] [15] This was probably so in the case shown in figure 10 . Although revealing far less anatomic detail than contrast angiography, nuclear angiocardiography is of no danger to the patient. The simple ionic substances used in trace quantities have no pharmacologic effect. Others who have used nuclear angiocardiography have been concerned mainly with studies in adults. Graham and associates8 described their experience in children, but all except one of their patients were more than 5 years old, and they did not attempt to differentiate between the various forms of cyanotic congenital heart disease. A problem in imaging the infant heart has been its small size, which taxes the inherent resolution capability of the scintillation camera unless special technics are used. The use of the pinhole collimator, which allows magnification of the structures, helps solve this problem. Sensitivity is decreased Circulation, Volume XLV, January 1972 compared to the conventional parallel-hole collimator, however, because of the increased distance between the patient and the scintillation crystal ( fig. 1 ). We have offset this to a degree by inverting the collimator, thereby reducing this distance. Distortion of anatomic detail by the pinhole collimator16 has not been a practical problem.
A dose of 99mTc of 18.5 mCi/M2 of body surface area was required for adequate visualization, especially in the later phases of the study. This dose cannot be significantly reduced if useful information is to be obtained. Whole-body and gonadal radiation doses were less than 1 rad in newborn infants, even if no biologic excretion of the tracer were assumed. Since there is renal execretion, the absorbed whole-body dose is in fact considerably lower. 17 The International Commission on Radiological Protection18 has recommended that a whole-body or gonadal dose for radiation workers can be up to 5 rad/year, and for the general adult populace 0.5 rad/year. It has also stated that, although all radiation to embryos or fetuses is undesirable, accidental doses of 1 rad, even in the first 2 months of gestation, may be accepted. (See  table 4 . )
The skin dose during typical fluoroscopy using image intensification in a patient weighing 10 kg at Johns Hopkins Hospital is 3 rad/ 10 min; the gonadal dose is a minimum of 0.05 rad/ 10 min, with efficient collimation, but may be as high as 3 rad/ 10 min. Gonadal or whole-body doses of the order of 1 rad, as imposed by our technic, are many times less than a level at which permanent genetic or somatic damage is a significant risk.'8 Such a small risk seems warranted in light of the seriousness of the patient's problem. A tracer 89 \VESSELHOEFT ET AL. study may spare an infant the radiation < other risks attendant on prolonged cathet zation. It is likely that the radiation dose be lowered and image quality improved development of new radiopharmaceuti( and data-processing technics, such as th using computers. Since the study is comple within a few minutes, the 6-hour half-life 991liTc is unnecessarily long. As radionucli with shorter half-lives become available, radiation dose may be considerably redu Even now, for properly selected patients, procedure appears to be of considerable va
APPENDIX Radiation Dosimetry Calculations
The general equation19 for the absorbed i.a tioni dose from an iinterally administered ra ncelide is: D ClAi4ti \x-here: D total absorbed dose (rads) C cumulative concentration (mCi . hr/ kg) Ai is the equilibriutmii absorbed close stanit for the i-th emissioni of the radioinuclide and Oi is the ab.sorled fraction foi the ernission, i.e., the fraction of the i-tb type of e sion absorbed by the tissu-e tinider conisider-atio C can be expanided: Ao 1.44 tl2eff c _ (miiCi * hr/kg) (2) xvhere: Ao = activity administered (mCi) tl2eff = effective half-life of the radioniuclide (hr) anid m = mass of tissue under consideration (kg). Thus, substitutinig in equationi 1: D Ao 1.44 tl2eff 1Aioi (mCi Iri/kg) (3) In These formulae were used to calculate absorbed doses for gonads and xxhole body in infanits xveighing 2, 6, anid 10 kg (table 4) . Values of Ai for P99"'Tc (simplified from Dillmani, 1969 ) 2' are: nlonlpenetrating radiationi: 0.0363 kg rad/minCi hr X-ray: 0.0031 kg * rad/mCi * hr gamma-ray 0.2643 kg * rad/mCi * hr For all calculations, the effectixve half-life of 99'flTc pertechnetate xvas taken as the physical half-life of 99"1ITc, or 6 hours. Thus Ino excretion of pertechnetate xvas assumed, and the calculations if aniything overestimated the absorbed dose in this respect.
Values of 4i wx ere obtained fronm the tables of Brox onell anid associates. 21 The bod xv as assumed to approximate ani ellipsoid xvith prinicipal axes in the r-atios of 1/1.8/9.27; the goniads wvere assumiied to occuipy a cen-tral poinit locationi in this ellipsoid.
Values of (Pi for ""'ITc for wxhole bodv and for gonlads are alimost idenltical uinder these circumiistanices. Valuies for EAiti are showin in table 4.
U'sinig these valtues, sul)stituting in equattioni 3, the absorbed doses to goniads are: Goniadal anid wvhole-body doses based oni the calculations in this "Appenidix" ar.e listed in table 2 in the mi-ain bodv of the text.
